A new method has been developed to improve the buffer capacity and methane production of the anaerobic digestion of Corn Stalk (CS), in which both an anaerobic co-digestion of CS with Straw Depolymerization Wastewater (SDW) and a mono-digestion of CS at different substrate concentrations (25.9, 36.2 and 45.3 mg/L) were investigated. Batch assays were conducted under thermophilic conditions for 70 days, which showed that an anaerobic co-digestion significantly increased the buffering capacity and methane production of the digestion process. The lag time for methane generation resulting from an anaerobic co-digestion of CS with SDW was 10 days, while the lag time for a mono-digestion of CS was 23 days. A maximum methane production of 214.81 mL/g-VS was obtained for the anaerobic co-digestion of CS with SDW when the substrate concentration was 36.2 g/L, which was around 13.54% higher than for mono-digestion of CS of 189.20 mL/g-VS. The removal rate for sulfate increased from 10.43% to 58.40% when the substrate concentration was increased from 25.9 to 45.3 mg/L for the anaerobic co-digestion of CS with SDW. Microbial communities were analyzed using 16S rDNA sequencing technology which showed that anaerobic co-digestion of CS and SDW promotes the growth of methanogens. The relative abundance of these methanogens (Euryarchaeota) for the anaerobic co-digestion of CS with SDW was increased significantly, being approximately 8.25% higher than that of a mono-digestion of CS, which was at a substrate concentration of 36.2 g/L. This means that the anaerobic co-digestion of CS and SDW is beneficial for improving buffer capacity and methane production from the digestion of CS, with higher organic matter and sulfate removal rates also being obtained.
Introduction
The application of anaerobic digestion for the treatment of CS to produce methane-rich biogas is a popular method for achieving biomass energy conversion, which has both good economic and social benefits [1, 2] . However, the complex structure of CS makes it difficult to degrade, often resulting in low conversion efficiencies when CS is used as a sole substrate for digestion [3, 4] . In actual production, increasing the concentration of substration normally results in an increase in the volumetric biogas production rate. However, high substrate concentrations of CS can result in an increase in acidification of the anaerobic digestion system [5] . Previous studies have shown that initial Total Solid (TS) concentration generally does not exceed 6% during the anaerobic digestion of CS [6] . This is due to the high carbon/nitrogen (C/N) content of CS, which can result in large amounts of Volatile Fatty Acids The results indicate that there was no significant difference in the cumulative methane production from the anaerobic co-digestion of CS with SDW and the mono-digestion of CS at a substrate concentration of 25.9 g/L ( Figure 1a ). However, maximal methane production rates (R m ) for the anaerobic co-digestion of CS with SDW (32.57 mL/(g-VS·days)) were around 52% higher than for mono-digestion of CS (21.38 mL/(g-VS·days)) ( Table 1 ). This trend was also identical for the other two substrate concentrations investigated, the increases in R m being caused by the ability of SRB to degrade propionic and butyrate acids to acetic acid in the presence of sulfate. The accumulation of acetic acid enhances methanogenic activity while also maintaining partial pressures of hydrogen at low levels [21, 22] . The lag time for methane generation from the anaerobic co-digestion of CS and SDW at a substrate concentration of 36.2 g/L was 10 days, whereas the corresponding lag time for the mono-digestion of CS (36.2 g/L) was 23 days. The delay period for both groups is caused by an increase in substrate concentration that results in VFA accumulation, which can lead to the methanogenesis pathways being greatly inhibited. The lag time for the anaerobic co-digestion of CS with SDW was much less than the lag time for mono-digestion of CS, primarily due to the activity of methanogens being inhibited when pH is low. In contrast, SRBs were able to use VFAs as electron donors to reduce sulfates to sulfides, thus reducing VFA concentration and increasing pH to promote recovery of methanogenic processes [14] . This hypothesis was supported by the observation of decreased sulfate and VFA concentration during this period. A substrate concentration of 36.2 g/L gave maximum methane production for the anaerobic co-digestion of CS and SDW of 214.81 mL/g-VS, which was around 13.54% higher than the 189.20 mL/g-VS obtained for mono-digestion of CS. When substrate concentration was 45.3 g/L, the methanogenic process being inhibited significantly during the initial phase of the anaerobic digestion because of acidification. The lag phase times for methane generation from the anaerobic co-digestion of CS with SDW and the mono-digestion of CS were 27 days and 35 days (respectively), and cumulative methane production was only 171.62 and 139.18 mL/g-VS, respectively. Increased methane production may be due to sulfide produced by sulfate reduction, itself being used as an important sulfur source to promote methanogen growth [23] . Therefore, the anaerobic co-digestion of CS and SDW can significantly shorten the lag period of methane generation and increase the buffer capacity of the digestion system, particularly at high substrate concentrations. The cumulative methane production for the control group, which only contained anaerobic sludge and 25 mL of SDW, was only 102.61 mL/g-VS, the low methane production being related to the low C/S ratio of SDW. Li et al. have previously shown that the use of a benzoate as substrate, with a C/S ratio <0.75, resulted in 87% of the electrons being used by SRB, with no methane being detected in its biogas [24] . Table 1 . Kinetic parameters from mathematically fitted profiles obtained for methane production. 
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Variation of SCOD and Sulfate Concentrations
Methanogens and Sulfur-Oxidizing Bacteria (SOB) can compete with SRB for substrate during the anaerobic digestion of CS and SDW. Methanogens with SRB compete for acetic acid and hydrogen [25] , and microbial competition is determined by the characteristic of inoculum and sulfate concentrations. SOB and SRB compete for carbon sources through a symbiotic relationship, presenting a phenomenon of counter-balance [26] .
Variations in sulfate concentrations for the anaerobic co-digestion of CS with SDW under substrate concentrations of 25.9, 36.2, and 45.3 g/L are shown in Figure 1d -f. Sulfate concentration increased over the first 4 days with a substrate concentration of 25.9 g/L, which was caused by the presence of nitrates in the initial fermentation broth. This resulted in SOB utilizing nitrate as an electron acceptor to oxidize sulfide to sulfate, which lead to an overall increase in sulfate concentration [27] :
Sulfide oxidation processes normally predominate over sulfate reduction processes, with nitrite produced from nitrate reduction acting as a strong inhibitor of SRB. This inhibition is due to a nitrite reductase in the periplasm of SRB accepting electrons from redox proteins (QmoABC complex and DsrMKJOP complexes) of the SRB electron transport pathway to reduce nitrite to ammonia, which then results in a decrease in the activities of proteins associated with the sulfate respiratory pathway [28] . Inoculum was acclimatized using cattle manure for 40 days prior to use, in order to ensure that methanogens would be able to metabolize acetic acid; hydrogen predominated, which also resulted in the inhibition of sulfate reduction during the initial incubation period. After 4 days, the concentration of sulfate decreased rapidly, falling to 116.49 mg/L on the 8th day due to consumption of sulfide and Soluble Chemical Oxygen Demand (SCOD) as well as increase of sulfate concentration. Negligible variations in sulfate concentrations were observed after the eighth day of incubation.
The concentration of sulfate increased and reached peak values on days 2 and 4 when the substrate concentrations were 36.2 and 45.3 g/L, respectively. Following this, a rapid decline in sulfate concentration was observed, primarily due to system acidification being caused by high substrate concentrations inhibiting the methanogenesis process, while SRB capable of using VFAs as a feedstock to grow that also results in reduction of sulfate to sulfide. The sulfate concentrations dropping to 67.77 and 42.90 mg/L on days 8 and 28 for substrate concentrations of 36.2 and 45.3 g/L, respectively. After 8 days and 28 days, low VFA levels can relieve the suppression effect of VFAs on methanogen activity when substrate concentration of 36.2 and 45.3 g/L ( Figure 2 ). Methanogens can outcompete SRB for acetic acid and hydrogen, resulting in SRB activity decreasing during this period. Increasing sulfide concentration and decreasing SRB activity promotes SOB activity, which results in a transient increase in sulfate concentration when methane generation is to be recovered. After both 14 and 44 days, the sulfate concentration for substrate concentrations of 36.2 and 45.3 g/L were decreased, resulting in 38.88% and 58.40% reduction in sulfate concentration at the end of each experiment, respectively. Apart from this, the results also show that sulfate removal mainly occurs during the acidification stage of the anaerobic digestion, and the sulfate concentration first increasing, and then decreasing, with the overall variation in sulfate concentration not being significant during the methanogenic process. Therefore, the anaerobic co-digestion of CS and SDW at high substrate concentrations not only improves buffering capacity and volumetric biogas production rates, but also results in high removal rates of sulfate. Meanwhile, mutual transformation of sulfate and sulfide can promote the removal of organic matter ( Figure 3 ) and convert sulfate into elemental sulfur to enable complete desulfurization of wastewater.
The variation of SCOD concentration during anaerobic co-digestion CS with SDW are shown in Figure 1d -f, which indicates that SCOD concentrations play a decisive role in methane production. When the SCOD concentration is >8 g/L, acidification occurs in anaerobic digestion systems and methanogenesis are inhibited, while SRB predominates in carbon source utilization. Methanogen governs VFA consumption (with concomitant increases in methane production), leading to a rapid decline in SCOD concentrations for SCOD concentration between 8 g/L and 4 g/L. When SCOD concentration were between 1 and 4 g/L, methanogens and SRB could coexist and compete for acetic acid and hydrogen in the anaerobic digestion reactor. However, when SCOD levels were <1 g/L, low organic matter concentration levels resulted in methane production and sulfate reduction being suppressed. In this study, sulfide oxidation always occurs in the early stage of the methane production, which is not dependent on the SCOD concentration of the fermentation broth. These results are consistent with the results of 16S ribosomal Deoxyribonucleic Acid (rDNA) sequencing studies, which revealed SOB (Sulfuricurvum) is an autotrophic bacterium, whose activities are primarily determined by sulfide concentration levels.
Variation in VFA Concentration and pH
Variation in VFA concentrations and pH for the anaerobic co-digestion of CS with SDW and the mono-digestion of CS for substrate concentrations of 25.9, 36.2 and 45.3 g/L are shown in Figure 2 . These results show that the anaerobic co-digestion of CS and SDW can promote the degradation of VFAs regardless of substrate concentration, because SRB growth on VFAs is promoted by the presence of sulfate. When there were high substrate concentrations of 36.2 g/L, VFA concentration dropped to approximately 10 g/L on the 8th day; however, VFAs concentrations for mono-digestion of CS fell to 12 g/L after 28 days. It is well-known that high substrate concentration levels can result in the acidification of anaerobic digestion systems. The anaerobic co-digestion of CS with SDW for substrate concentration of 45.3 g/L resulted in VFA concentrations decreasing to 10 g/L at the 28th day, but this level was still significantly better than what was achieved for the mono-digestion of CS, namely taking 44 days to reach the same level. Therefore, it can be concluded that the anaerobic co-digestion of CS and SDW at substrate concentrations of between 25.9 g/L and 36.2 g/L can significantly promote VFA degradation and increase the buffering capacity of the anaerobic digestion system. In addition, levels of methane production and VFAs concentrations indicate that the anaerobic digestion system can restore biogas production when the total VFA concentrations (mainly acetic acid, propionate acid, and butyric acid) is less than 10 g/L. In addition, the Volatile Solid (VS) degradation in anaerobic co-digestion of CS with SDW were higher than that of mono-digestion of CS under a different substrate concentration, especially when the substrate concentration of 36.2 g/L-compared with the degradation of the former-was about 72% higher than that of the latter (Figure 3 ). Apart from this, the results also show that sulfate removal mainly occurs during the acidification stage of the anaerobic digestion, and the sulfate concentration first increasing, and then decreasing, with the overall variation in sulfate concentration not being significant during the methanogenic process. Therefore, the anaerobic co-digestion of CS and SDW at high substrate concentrations not only improves buffering capacity and volumetric biogas production rates, but also results in high removal rates of sulfate. Meanwhile, mutual transformation of sulfate and sulfide can promote the removal of organic matter ( Figure 3 ) and convert sulfate into elemental sulfur to enable complete desulfurization of wastewater. The variation of SCOD concentration during anaerobic co-digestion CS with SDW are shown in Figure 1d -f, which indicates that SCOD concentrations play a decisive role in methane production. When the SCOD concentration is >8 g/L, acidification occurs in anaerobic digestion systems and methanogenesis are inhibited, while SRB predominates in carbon source utilization. Methanogen governs VFA consumption (with concomitant increases in methane production), leading to a rapid decline in SCOD concentrations for SCOD concentration between 8 g/L and 4 g/L. When SCOD Energies 
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Analysis of Microbial Communities
The microbial community structure present in fermentation broths determines the performance of the anaerobic digestion system and the microbial population distribution of the anaerobic digestion reactor [29, 30] . Consequently, the effect of SDW on the overall structure of the bacterial community during anaerobic co-digestion of CS with SDW and mono-digestion of CS, were analyzed at a substrate concentration of 36.2 g/L using 16S rDNA sequencing at the end of digestion.
Firmicutes, Synergistetes, Bacteroidetes, Euryarchaeota, and Proteobacteria were the dominant groups in the fermentation broths after 66 days of anaerobic co-digestion of CS with SDW and mono-digestion of CS (Figure 4) . Firmicutes is a typical syntrophic bacteria strain that can decompose VFAs to produce hydrogen, that can then be reduced by hydrogenolytic methanogens to produce methane [31] . Synergistetes is a recently recognized genus of anaerobic bacteria that is associated with methane production from acetic acid [32] . Therefore, increases in the relative abundance of Synergistetes and Firmicutes in fermentation broths for the anaerobic co-digestion of CS and SDW can effectively promote hydrolysis of organic matter to increase methane production [33] . Bacteroidetes is a type of proteolytic bacteria that is responsible for protein degradation [34] ; its relative abundance for the anaerobic co-digestion of CS and SDW is lower than for the mono-digestion of CS. However, the protein content of CS is low, the decreased relative abundance of Bacteroidetes not adversely affecting CS hydrolysis. Analyses revealed that almost all the Euryarchaeota found in the 16S rDNA sequencing studies were methanogens [35] . The relative abundance of Euryarchaeota (9.84%) in the anaerobic co-digestion of CS and SDW was found to be 8.25% higher than in mono-digestion using CS (9.09%). This indicates that the anaerobic co-digestion of CS and SDW can significantly promote the growth of methanogens, the main methanogens are Methanosarcina, Methanobacterium, and Methanosaeta all being capable of degrading VFAs to hydrogen for methane production [36, 37] . The relative abundance of SOB (Sulfuricurvum) and SRB (Desulfovibrio) in Proteobacteria [38, 39] for the anaerobic co-digestion of CS and SDW were higher than those for mono-digestion of CS (data not shown). Both SOB and SRB were able to improve the mutual transformation of sulfate and sulfide, with results increasing the removal rate of organic matter [40] .
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Materials and Methods
Feedstocks and Inoculum
The SDW investigated in this study was obtained from the pilot plant from the Liaoning Institute of Energy Conversion in Yingkou City. The wastewater sample was filtered through a 0.45 μm polyethersulfone membrane before analysis. The pH of SDW was adjusted to approximately 5 prior to use. The corn stalk used in this study was obtained from a farm at Northeast Agriculture University 
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Feedstocks and Inoculum
The SDW investigated in this study was obtained from the pilot plant from the Liaoning Institute of Energy Conversion in Yingkou City. The wastewater sample was filtered through a 0.45 µm polyethersulfone membrane before analysis. The pH of SDW was adjusted to approximately 5 prior to use. The corn stalk used in this study was obtained from a farm at Northeast Agriculture University in Harbin City and was dried prior to use. The dried corn stalk was crushed in a shredder. The crushed corn stalk diameter was approximately 2 cm. The anaerobic sludge used as an inoculum was collected from an anaerobic digester (working volume: 2000 mL) which digested cattle manure at 35 • C for 40 days. The characteristics of the SDW, corn stalk, and inoculums used in this study are shown in Table 2 . 12.15 ± 0.77
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Experimental Setup and Procedure
The batch reactors consisted of 1000 mL glass flasks. The experiments were divided into 2 groups: experimental group A, the mono-digestion of corn stalk; and experimental group B, Energies 2018, 11, 1751 9 of 12 the anaerobic co-digestion of corn stalk and SDW. For experimental group A, to obtain different substrate concentrations of 25.9, 36.2, and 45.3 g/L (based on total solid) in the fermentation broths, 580 mL of anaerobic sludge and 17.5, 24.5, and 30.5 g of corn stalk were added, respectively. In experimental group B, 580 mL of anaerobic sludge and 17.5, 24.5, and 30.5 g of corn stalk were added, followed by the addition of 25 mL of SDW to obtain sulfate concentrations of 85.5 mg/L in the fermentation broths (Pre-experimental results show that methanogenic process are not be affected by the sulfate concentration of 89 mg/L). In control group, 580 mL of anaerobic sludge and 25 mL of SDW were added to investigate the effect of SCOD in SDW on the anaerobic digestion. Some distilled water was added (if necessary) to ensure that the quantities of fermentation broths in the control and experimental groups remained consistent. The batch experiments were performed at a thermophilic level of 55 ± 1 • C. All reactors were warmed in a Digital Biochemical incubator (Memmert IPP260, Memmert GmbH + Co. KG, Schwabach, Germany). Each group was tested in six flasks, including three for the gaseous phase (including biogas volume and biogas composition), and three for the liquid phase (including the SCOD, sulfate, pH, and VFAs) [41] . Gas and liquid samples of anaerobic co-digestion of corn stalk with SDW and mono-digestion of corn stalk were analysed every day and then every 2 days after the initial incubation time, and the analysis interval was gradually increased over time. The Total Solid (TS) and VS in the fermentation broths were analysed at the end of anaerobic co-digestion. The reactors were monitored for 70 days.
Analytical Methods
TS, VS and pH were measured according to the Standard Methods for the Examination of Water and Wastewater (APHA, 2005). SCOD were analysed using the rapid-digestion method (HH-6, Jiangsu Jiangfen Electroanalytical Instrument Co., Ltd., Taizhou, China). Biogas volumes were measured via a water displacement method. The biogas composition (hydrogen, methane, nitrogen, and carbon dioxide) was determined via gas chromatography (GC-6890N, Agilent Inc., Santa Clara, CA, USA) using a Thermal Conductivity Detector (TCD). VFAs (acetic, propionic, butyric and total VFAs) and solvents (methanol and ethanol) were also analysed via gas chromatography (GC-6890N, Agilent Inc., Santa Clara, CA, USA) using a Flame Ionization Detector (FID) and a capillary column (Agilent 1909/N-133 HP-INNOWAX Polyethylene Glycol). The temperatures of injector port, oven, and detector were to 220 • C and 250 • C, respectively. The initial temperature of the oven was 60 • C, then increased to 140 • C at a rate of 15 • C/min and maintained for 2 min. The carrier gas was argon with a flow rate of 30 mL min and constant pressure of 187 kPa; the gas measurement time was 7.33 min. The sulfate and nitrate concentrations were determined with a Skalar flow analyser (SA-5000, Skalar Analytical B.V., Breda, The Netherlands). Carbon and nitrogen levels were determined using an elemental analyser (EA 3000, LEEMAN Technologies Co., Ltd., Beijing, China). All measurements were conducted in triplicate, and the averaged data are presented. The batch experiment data were analysed using Origin 8.0 (OriginLab Corporation, Northampton, MA, USA).
The microbial community was analysed using 16S rDNA sequencing technology. The fermentation broths were collected from the reactor (anaerobic co-digestion of corn stalk with SDW and mono-digestion of corn stalk with substrate concentration of 36.2 g/L) at the end of the experiment for DNA extraction. A universal primer set (515F/806R, 5 -GTGCCAGCMGCCGCGGTAA-3 /5 -GGACTACHVGGGTWTCTAAT-3 ) was used to amplify the V4 region of the 16S rDNA gene. The modified Gompertz equations has a wide range of applications in the field of methane production [42] , it could be presented as Equation (2):
where P(t) is the accumulation methane production (mL) at time t (day), P ∞ is the cumulative methane production potential (mL), R m is the maximal methane production rate (mL/d), λ is the duration of lag phase (day) while t is the time over the fermentation period and e is equivalent to 2.718282. In this experiment, the modified Gompertz equations was used to simulate cumulative methane production from an anaerobic co-digestion of corn stalk with SDW, as well as a mono-digestion of corn stalk under different substrate concentration by Origin 8.0 version.
Conclusions
(1) Anaerobic co-digestion of CS and SDW can significantly increase the buffering capacity and methane production. The lag time for methane generation from the anaerobic co-digestion of CS and SDW was 10 days, however, the lag time for mono-digestion of CS was 23 days for a substrate concentration of 36.2 g/L. Maximum methane production from anaerobic co-digestion of CS and SDW of 214.81 mL/g-VS was about 7.76% higher than for mono-digestion of CS which gave a value of 199.34 mL/g-VS. Increasing the substrate concentration to 45.3 g/L resulted in methanogenic processes being significantly inhibited during the initial anaerobic digestion stage. However, the fermentation performance and buffering capacity observed for anaerobic co-digestion of CS and SDW were significantly better than levels obtained for mono-digestion of CS. (2) The removal rate of sulfate increased from 10.43% to 58.40% when the substrate concentration was increased from 25.9 to 45.3 mg/L for anaerobic co-digestion of CS and SDW. (3) 16S rDNA sequencing results showed that anaerobic co-digestion of CS and SDW promoted growth of methanogens, the relative abundance of Euryarchaeota (mainly Methanosarcina, Methanobacterium, and Methanosaeta) for anaerobic co-digestion of CS and SDW being 9.84%, which was 8.25% higher than the 9.09% of Euryarchaeota present in mono-digestion of CS. SOB and SRB could both improve mutual transformation of sulfate and sulfide, as well as increase the overall removal rate of organic matter. 
